Introduction
The problem of plant water requirements and supply is of great importance to agricultural water management. It is crucial to determine and provide the water amount required in a certain region to support the plants assimilation function. The quantity of water required on a specific farm can be determined by analyzing the water balance, where precipitation and evapotranspiration are basic elements. Evapotranspiration data is also indispensable when mathematically modelling the water balance. The values of evapotranspiration can be obtained from lysimeter measurements. However, this measurement is labour intensive and also requires special equipment; thus, it is not widely applied. To address this problem, a number of methods of evapotranspiration estimation based on physical and empirical equations are available, where the quantity of evapotranspiration depends on other measured factors. Penman (1948) developed a method for determination of the potential evapotranspiration as a product of the crop coefficient for a certain crop in a certain development stage and the reference evapotranspiration (Łabędzki et al., 1996) . Open water surface evaporation is the reference evapotranspiration used in this method. Currently, the method most widely applied in Poland for evapotranspiration estimation is a method called the "French Modified Penman method", which is a version of FAO Modified Penman method (Doorenbos & Pruitt, 1977) , with the net radiation flux calculated by Podogrodzki (Roguski et al., 1988) . Name of "Modified Penman method" is using in further part of this text. On the other hand, the Food and Agriculture Organization (FAO) recommends the Penman-Monteith method for evapotranspiration estimation (Allen et al., 1998) . The aforementioned methods require relevant crop coefficients to estimate the potential evapotranspiration. Although crop coefficients for grasslands and pastures applicable to the modified Penman are available for Polish conditions (Roguski et al., 1988; Brandyk et al., 1996; , the problem occurs when the potential evapotranspiration has to be calculated according to the FAO standards which require the Penman-Monteith method to be used. Both the methods (Modified Penman and PenmanMonteith) require meteorological data including: air temperature, humidity, cloudiness or sunshine and wind speed. If one or more of the required inputs are not available, then applying any of the two methods is difficult, perhaps even impossible. In such cases, the Thornthwaite method, developed in 1931, can be a viable alternative (Byczkowski, 1979; Skaags, 1980; Newman, 1981; Pereira & Pruitt, 2004) . The Thornthwaite method is commonly used in the USA. This method requires only two basic climatic inputs that determine the solar energy supply and are necessary to estimate the potential evapotranspiration: air temperature and day length. There are two objectives of this chapter. The first objective is to determine the crop coefficient needed when estimating the potential evapotranspiration with the PenmanMonteith method. The second objective is a comparative analysis of the potential evapotranspiration estimates obtained from the Thornthwaite method and the crop coefficient approach with Penman-type formula as a reference evapotranspiration.
Reviewing the selected methods for evapotranspiration estimation: Modified Penman, Penman-Monteith and Thornthwaite
It can be assumed, that the amount of a farm plants evapotranspiration depends on such factors as atmosphere condition, plants development stage and soil moisture. The interdependence of these factors is complex and difficult to describe mathematically. This dependence can be expressed as a product of following functions:
where: M -atmosphere factors, P -plant factors, S -soil moisture factors. Groups of atmosphere factors can be formulated as a reference evapotranspiration (ET 0 ), which characterises meteorological conditions in the evapotranspiration process and describes evaporation ability in the atmosphere. This factor determines the intensity of evapotranspiration process in the case of unlimited access to a water source, that is deplete of soil water:
f 2 (P) function describes the influence of plant parameters such as: plant species, development stage, mass of above ground and underground parts, leaf area index (LAI), growth dynamics, nutrients supply, yield and frequency of harvesting. A group of these parameters is expressed as a crop coefficient (k c ), which is empirically determined in independently by soil moisture conditions:
f 3 (S) function describes the influence of soil moisture and the availability of soil water for plants (as a soil water potential) on evapotranspiration amount. With our knowledge of soil physics and plant physiology knowledge, it can be assumed that evapotranspiration during sufficient water supply does not depend or slightly depend on soil moisture (Łabędzki et al., 1996 (Łabędzki et al., , as cited in: Kowalik, 1973 Salisbury & Ross, 1975; Feddes et al., 1978; Rewut, 1980; Olszta, 1981; Korohoda, 1985; Więckowski, 1985; Brandyk, 1990) . Sufficient water supply does not limit evapotranspiration and plant yield is defined as a soil moisture range between optimum water content (when air content equals at least 8 -10% in root zone) and refill point (pF 2.7 -3.0). In other words, sufficient water supply means easily available water or readily available water (RAW). Evapotranspiration reductions has a place, when RAW becomes consumed by plants. The deciding factor of evapotranspiration reduction amounts is the difference between actual soil moisture content and soil moisture content when the evapotranspiration process fades (wilting point). Thus, it can be showed in general (Łabędzki et al., 1996 (Łabędzki et al., , as cited in: Olszta et al., 1990 Łabędzki & Kasperska, 1994; Łabędzki, 1995) :
where: k s () -soil coefficient as a function of soil moisture. Summarizing, equation (1) can be noted as below, where ETa is called actual evapotranspiration:
In cases when sufficient water supply does not limiting evapotranspiration (k s = 1), actual evapotranspiration (ETa) equals potential evapotranspiration (ETp):
The problem becomes how to determine a reference evapotranspiration and a crop coefficient.
The reference evapotranspiration computing by the Modified Penman method
Penman (1948) estimated the evaporation from an open water surface, and than used that as a reference evaporation. This method requires measured climatic data on temperature, humidity, solar radiation and wind speed. Analyzing a range of lysimeter data worldwide, Doorenbos and Pruitt (1977) proposed the FAO Modified Penman method. These authors adopted the same approach as Penman to estimate reference evapotranspiration. They replaced Penman's open water evaporation with evapotranspiration from a reference crop. The reference crop was defined as "an extended surface of an 8 to 15 cm tall green grass cover of uniform height, actively growing, completely shading the ground, and not short of water". The reference evapotranspiration according to Modified Penman method commonly applied in Poland was calculated by the following algorithm. This algorithm was developed according to following literature: Roguski et al. (1988); Feddes & Lenselink (1994) , Kowalik (1995) , Kędziora (1999 ), Woś (1995 , Łabędzki et al. (1996) , Łabędzki (1997 Łabędzki ( ), Feddes et al. (1997 and van Dam et al. (1997 
Relation between real radiation to possible radiation -in case when sunshine value is not available there is calculated according to Angstöm criteria:
The net 
The net radiation flux (R n ) [W m -2 ]:
The reference evapotranspiration computing by the Penman-Monteith method
Among scientists is unanimous the consensus is that the best method of evapotranspiration calculation is a method proposed and developed by John Monteith (1965). Monteith's derivation was built upon that of Penman (1948) in the now well-known combination equation (combination of an energy balance and an aerodynamic formula). The equation describes the evapotranspiration from a dry, extensive, horizontally uniform vegetated surface, which is optimally supplied with water. This equation is known as the PenmanMonteith equation and it is currently recommending by FAO. Potential and even actual evapotranspiration estimates are possible with the Penman-Monteith equation, through the introduction of canopy and air resistance to water vapour diffusion. Nevertheless, since accepted canopy and air resistance may not be available for many crops, a two-step approach is still recommended under field conditions. The first step is the calculation of the reference evapotranspiration as an evapotranspiration of a reference crop for some steady parameters and soil moisture conditions. In the second step the actual evapotranspiration is calculated using the root water uptake reduction due to water stress. The reference crop is defined as "a hypothetical crop which is grass, with a constant, uniform canopy 12 cm tall, constant canopy resistance equals to 70 s m -1 , constant albedo equals to 0.23, in conditions of active development and optimally supplied with water" (Łabędzki et al., 1996; van Dam et al., 1997; Allen et al., 1998; Howell & Evett, 2004 , as cited in: Monteith, 1965 
The net incoming short wave radiation flux (R ns ) [W m -2 ]:
The net outgoing long wave radiation flux (R nl ) [W m -2 ]:
The radiation factor (R n ' ) [mm d -1 ]: 
Crop coefficient
Potential evapotranspiration is calculated by multiplying ET o by k c , a coefficient expressing the difference in evapotranspiration between the cropped and reference grass surface. The difference can be combined into a single coefficient, or it can be split into two factors describing separately the differences in evaporation and transpiration between both surfaces. The selection of the approach depends on the purpose of the calculation, the accuracy required, the climatic data available and the time step with which the calculations are executed (Allen et al., 1998) . Due to the purpose of this chapter, only the single coefficient approach is taken under consideration. The single crop coefficient combined the effect of crop transpiration and soil evaporation. The crop coefficient expresses crop actual mass and development stage influence on the evapotranspiration value, in sufficient soil moisture content. It is dependant on crop type, development stage and yield. The generalized crop coefficient curve is shown in Figure 1 . Shortly after the planting of annuals or shortly after the initiation of new leaves for perennials, the value for k c is small, often less than 0.4. The k c begins to increase from the initial k c value, k c ini , at the beginning of rapid plant development and reaches a maximum value, k c mid , at the time of maximum or near maximum plant development. During the late season period, as leaves begin to age and senesce due to natural or cultural practices, the k c begins to decrease until it reaches a lower value at the end of the growing period equal to k c end (Roguski et al., 1988; Allen et al., 1998) . The objective of this work is to determine the crop coefficient needed when estimating the potential evapotranspiration with the Penman-Monteith method, when the potential evapotranspiration calculated as a product of Modified Penman reference evapotranspiration and appropriate crop coefficient for this method is known. Based on procedures proposed by , the conversion of the Modified Penman crop coefficient k c MP to the Penman-Monteith crop coefficient k c P-M can be write as:
from which:
Potential evapotranspiration estimation by the Thornthwaite method
Both Modified Penman and Penman-Monteith methods required many climatic inputs like: air temperature, relative humidity, wind speed and solar radiation or at least daily sunshine. These are limited or even not available for many regions. Another problem is noncontinuous data series for some periods. Thus using the Modified Penman and Penman-Monteith methods for evapotranspiration calculation is not so easy and problematic in some cases. An alternative commonly used in the United States is the Thornthwaite method, because it requires only air temperature as a input data (Skaags, 1980; Newman, 1981) . This method is based on determination of available energy required for the evaporation process. The relationship between average monthly air temperature and potential evapotranspiration is calculated based on a standard 30 days month with 12 hours of daylight each day according to the following equation (Byczkowski, 1979; Newman, 1981; Pereira & Pruitt, 2004 ): 
In order to convert the estimates from a standard monthly ETp T to a decade of evapotranspiration the following correction factor for daylight hours and days in month d f (-) was used:
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where: N dec -possible sunshine for decade (h) It must to be noted, that the Thornthwaite method is valid for average monthly air temperature from 0 to 26.5 °C.
Grasslands and pastures in the north-eastern part of Poland and local condition climate data
As Statistical Yearbook of Agriculture and Rural Areas (2009) presents, grasslands and pastures occupy about 3271.2 thousand hectares which is 20% of the total agricultural land in Poland. According to administrative division, the north-eastern part of Poland are Podlaskie and the eastern part of Warmińsko-Mazurskie voivodships. Grasslands and pastures occupy 393.5 thousand hectares (35%) and 290 thousand hectares (28.1%) of these voivodships agricultural land respectively. The valley of the River Biebrza, (22° 30′-23° 60′ E and 53° 30′-53° 75′ N) (Fig. 2) is one of the last extensive undrained valley mires in Central Europe. The Biebrza features several types of mires. The dominant types are fens, which account for some 75.9% of the wetland area (Okruszko, 1990) . The altitude of the valley ranges from 100 to 130 m above mean sea level and the catchment area of approximately 7000 km 2 has a maximum altitude of 160 m (Byczkowski & Kicinski, 1984) . The mean yearly rainfall is 583 mm, of which 244 mm falls in the wet summers. Mean annual temperature is rather low (6.8 °C), and the growing season is quite short (around 200 days) (KossowskaCezak, 1984) . The part of Warmińsko-Mazurskie voivodship is Warmia region. Main town (former capital of Warmia region) situated on the north part of Warmia region (Fig. 2) is Lidzbark Warmiński (20° 35′ E, 54° 08′ N).
Biebrza River Valley
N-E part of Warmia Region
Fig. 2. An approximate location of considered regions in Poland
The altitude of the region ranges from 80 to 100 m above mean sea level on the borders and falls down from 40 to 50 m above mean sea level to the center. Brown Soils and Mollic Gleysols developed from silt and clay dominate in this. These soils are situated on sloping areas with partly well surface water outflow. In the study region average yearly air temperature is equal to 7.1°C and average yearly sum of precipitation equal to 624 mm. The highest amount of rainfall is usually observed in July and August. The vegetation period lasts about 200 days. The snow cover occurs during 60-65 days (Nowicka et al., 1994) . The needed meteorological data are available for the 1989-2004 grassland growing seasons derived from the Biebrza meteorological station located in the Middle Biebrza River Basin. The estimation of the pasture evapotranspiration will be based on the meteorological data collected in the Warmia region during the 1999 through 2010 period.
Results and discussion
The (Fig. 3a) . Whereas, an opposite situation was observed for Warmia Region. Reference evapotranspiration values calculated by the Modified Penman are 1.6% lower than values obtained by the Penman-Monteith method (Fig. 3b) . Roguski et al. (1988) , Brandyk et al. (1996) and . Considered values of crop coefficient both for Modified Penman (k c MP ) and Penman-Monteith (k c P-M ) for pasture was presented on Table 1 . It can be maintain that k Table 1 . Crop coefficient of pasture for Modified Penman and Penman-Monteith methods Modified Penman crop coefficient for extensive meadows (EM) and natural wetlands plant communities (NWPC) was published by Brandyk et al. (1996) as cited in: Roguski (1985) and Łabędzki & Kasperska (1994) . Values of these crop coefficients as well as values of calculated Penman-Monteith crop coefficients was presented on Table 2 . It can be maintain Table 2 . There are not significant differences between k c P-M and k c MP values for the first two decades of the vegetation period.
The differences increase during successive decades of May and June from 0.02 up to 0.07. Next, they decrease from 0.04 to 0.02 in July. There are not significant differences again for first and second decades of July. The difference begins it's increase from the third decade of July up to the second decade of September. The values of k c P-M are even 0.12 -0.18 lower than k c MP for the second decade of September. There is also a clear tendency towards an increase of differences between crop coefficients k c P-M and k c MP values due to an increase of potential hay yield. The k c P-M values get higher from 0.02 to 0.07 in May and June. However, the opposite tendency can be observed in September, when k c P-M get lower from 0.06 to even 0.18.
Month Decade Cut
Crop (Fig. 4b) 
Conclusion
Based on the performed research the following conclusions can be formulated: There are not significant differences between reference evapotranspiration calculated with the Modified Penman and Penman- Potential evapotranspiration values calculated with the Thornthwaite method are overestimated in ratio to values calculated with the Penman-Monteith method in the following cases by about: 25% for pasture, 20% for 3-cut meadow (0.10 Mg ha -1 hay yield), 10% for 3-cut meadow (0.20 Mg ha -1 hay yield) and 8% for extensive meadow. Whereas, one time Thornthwaite potential evapotranspiration values were lower by about 5% for 3-cut meadow (0.40 Mg ha -1 hay yield). The best convergence of the considered methods is observed for 3-cut meadow in case of 0.30 Mg ha -1 . It has to be said, that coefficient of determination r 2 exceeds 94% of the value for all cases. Summarized, the Thornthwaite potential evapotranspiration method is comparable with the Penman-Monteith method for 3-cut meadow with a high value of hay yield and extensive meadow.
